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Abstract 
Organic pollutants in surface and waste waters are a common environmental problem. It is important to selectively detect these 
toxic substances as either single substances or substance classes in the presence of other compounds. One example of such a 
widely used substance in sea water is the anticorrosive agent 1H-benzotriazole. Here we present the generation and experimental
verification of a ligand molecule for 1H-benzotriazole. First, possible receptor structures were designed in form of chemical 
complementary structures by molecular modeling and simulation (MD) with a new model followed by chemical synthesis and 
screening analysis. The most promising experimental results were obtained with the receptor LC19 that showed a significant 
binding capacity for 1H-benzotriazole. Further investigations lead to the assumption that this receptor may be applied to generate 
a chemical sensitive layer for sensor-based contaminant detection of 1H-benzotriazole in sea water. 
© 2009 Published by Elsevier Ltd. 
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1. Introduction 
1H-benzotriazole and its derivates cover a wide range of applications as anticorrosive agents e. g. in cooling as 
well as hydraulic fluids, in antifreeze agents, in antiaircraft de-icing liquids and as silver protection medium in 
dishwashing detergents. On the one hand, they are characterized by high water solubility and a low log KOW value. 
On the other hand, they show a low biological degradability. Hence, benzotriazoles occurred both in waste and 
surface water although they are classified as toxic to aquatic organisms [1]. The detection of these pollutants in 
water with chemical sensors has so far not been described in the literature. 
To create an effective and reliable sensor system, it is important to selectively detect these toxic substances as 
either single substances or substance classes. Therefore, it is essential to provide a chemical complementary 
structure as receptor for a selective interaction. Thus, a library of triazine based ligands was created to generate a 
selective receptor for chemical sensing of 1H-benzotriazole. 
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To analyze the selectivity and interactions of the designed ligands, a new simulation model of silica was provided 
where the silicon atoms were substituted with carbon atoms to run the model in a computational simulation program. 
The ligands designed for selective sensing tasks to detect 1H-benzotriazole by molecular modeling and simulation 
(MD) will be presented and discussed. To assess the quality and validity of these predictions, batch experiments 
with different ligands and substrates were carried out. The experimental results for 1H-benzotriazole adsorption onto 
the ligands will be presented. 
2. Sensoric concept of pollutant detection in sea water 
Modern analytical and chemical methods are in fact powerful but also protracted, resulting in insufficient 
temporal and spatial resolution of the data obtained. Laborious sampling campaigns could only be conducted a few 
times a year which provide insufficient data density for modeling transport mechanisms as well as predictions about 
the pollutant distribution [2].  
Two concepts for the detection of pollutants in sea water are being pursued. In the first approach, the ligands are 
immobilized onto special matrices that accumulate the substance of interest from a defined volume of sea water. 
Suitable desorption mechanisms release the pollutants and transfer it into a detection path where the quantification 
occurs. After a regeneration cycle the process can start anew. The second approach contains the development of a 
sensor device with the designed ligand as chemical sensitive layer that is able to directly detect the target compound. 
Sensory measurements supply the highest data density sufficient for calculating pollutant disposition. One detection 
principle may be the quartz crystal microbalance. 
3. Ligand design by molecular dynamic simulation and model validation 
The free binding energies of the four ligands LC2, LC11, LC19 and LC20 (Fig. 5B) of 1H-benzotriazole and 5-
methyl-1H-benzotriazole have been calculated using a novel carbon substituted silica model. Molecular docking 
tries to predict the globally most favorable site of binding of a substrate molecule as well as its preferred orientation 
when bound by a ligand, to form a complex with many degrees of conformational freedom. It uses the most realistic 
scoring function and has a large number of applications in the field of chemistry [3]. Docking calculations of the 
complexes were carried out by AutoDock 4.0 tools to calculate the potential energy of the complexes [4]. The 
thermodynamic parameter we selected for comparison was the binding energy (kcal/mol) of the substrate onto the 
ligand. 
A pre-requisite to do reasonable qualitative docking is to have a well-defined optimized target and a good 
parameterized method for calculating intermolecular interactions. Hydrogen bonds and van der Waals interactions 
are greatly involved in these binding processes [4]. Apart from a valid description of the conformational energy, 
accurate description of these interactions is crucial for the determination of intermolecular energies. The force field 
used in the optimization process was MMFF94 (Merck Molecular Force Field) [5]. It extensively uses in-harmonic 
corrections as well as cross terms to ensure accuracy. 
The program features different search methods (simulated annealing, genetic search algorithms, and local 
search), from which the Lamarckian genetic algorithm was selected. The advantage of the Lamarckian genetic 
algorithm is that it is able to handle ligands with more degrees of freedom than the simulated annealing method. 
Moreover, it is more efficient, reliable and very successful as it has been proven in the literature [6]. 
The 3D modeled structures of the ligands and substrates were built using the Cambridge Soft ChemBio3D Ultra 
11.0 program [7]. To these initial structures of the ligands and substrates all hydrogen atoms were added and the 
geometry optimization was carried out using MMFF94 Force Field; Algorithm steepest descent [8]. These starting 
structures were further optimized with a series of quantum-mechanical calculations of increasing accuracy (Hartree-
Fock (RHF), PM3, MOPAC) [9]. The optimized structures were imported into AutoDock 4.0 for the docking 
calculations to be performed. Parameters and settings for the automated docking using the Lamarckian genetic 
algorithm were set as shown in table 1. 
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Table 1: Lamarckian genetic algorithm parameters and settings 
Parameters Settings 
Number of docking runs (conformations) 50 
Population size 150 
Max. number of generation per individual 25 million 
Number of generations for picking worst individual 10 
Max. number of top individuals that automatically survive 1.0 
Grid map setting points and spacing 126 * 126 * 126, 0.900 Å 
Rate of gene mutation 0.02 
Rate of crossover 0.8 
Variance of Cauchy distribution for gene mutation  1.0 
To assess the quality and validity of our findings, we carried out both MD simulations and batch experiments of 
glucose oxidase (GOx) adsorbed onto the ligands L18/18, L11/11 and onto APS (Aminopropyl silica) (Fig. 1). APS 
was used as negative control as it is also the basic component carrying the ligand specific substituted triazine 
moiety. L18/18 and L11/11 were taken from the literature as potential ligands for the adsorption of glycoproteins 
[10;11].  
Fig. 1. Chemical structures of (A) L18/18, (B) L11/11 and (C) APS 
The simulations of L18/18, L11/11 and APS with GOx were carried out following the same method as described 
above. GOx structure was taken from RCSB protein data bank (E.C. 1.1.3.4, pdb file: 1CF3) and simulated in an 
explicitly no water medium. The hydrophobic interactions of GOx onto L18/18 are shown in Figure 2 as spherical 
shapes. 
Fig. 2. Hydrophobic interactions of GOx on L18/18 with L18/18 shown as stick model and GOx as ribbon model 
The synthesis of the two ligands for model validation was carried out according to the protocol previously 
described by Palanisamy et al. and Gupta et al. [10;11] and confirmed by NMR, ESI-MS and TLC. L18/18 and 
L11/11 were immobilized onto APS. Success of the immobilization was proven by means of elemental analysis and 
ESI-MS with the ESI-MS method modified by an adopted derivatization protocol from Verzele et al. [12]. The 
modified silica was treated with 2 M KOH for 2 h and to the digest 1-(trimethylsilyl)imidazole was added. The 
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resulting methylsilyloxy silanes were extracted and injected into the mass spectrometer. Both methods clearly 
showed a successful immobilization. 
The adsorption of GOx onto the different ligands was carried out by batch experiments. GOx was dissolved in a 
0.1 M KH2PO4 buffer (pH 7.0). To 10 mg of each of the ligands, 1 ml of GOx solution of different concentrations 
was added and incubated for 24 h. The GOx concentrations in the supernatants were determined using UV/Vis 
spectroscopy at 280 nm. The loaded amount of GOx (q) was calculated with respect to the initial concentration (C0),
the final concentration (C*), the volume of GOx, and the masses of the modified silica. Results from the simulations 
and batch experiments are presented in Figure 3. 
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Fig. 3. Simulation and experimental results of GOx adsorption on different ligands and APS 
From the simulation results, L18/18 showed the highest binding energy of GOx. The experimental results showed 
the highest amount of GOx loaded also onto ligand L18/18. Even the lower GOx adsorption of APS and L11/11 
gave the same tendency of adsorption preference in both studies meaning that the binding energy and the GOx load 
onto APS were always slightly higher than onto L11/11 in both experimental cases. Taken together, the outcome of 
both the theoretical approach as well as of the experimental one is the same. Therefore, the method of molecular 
dynamic simulation presented above can be used to study the adsorption of molecules on modified silica surfaces.  
4. Application of ligands as receptors for chemical sensor development 
Simulated results of the chosen triazine based ligands are presented in Figure 4A. LC19 showed a significant 
selectivity for 1H-benzotriazole over 5-methyl-1H-benzotriazole used as negative control. LC2, LC11, LC20 as well 
as APS have always the same preference for both substrates. LC2, LC11, LC19 and APS were further investigated 
experimentally. The orientation of 1H-benzotriazole on LC19 is shown in Figure 4B. The strong binding of LC19 on 
1H-benzotriazole could be due to the formation of ʌ-ʌ-stacking hydrophobic interactions. 
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Fig. 4. (A) Simulated results of 1H-benzotriazole and 5-methyl-1H-benzotriazole adsorption onto LC2, LC11, LC19, LC20 and APS; (B) 
Orientation of 1H-benztriazole on LC19 
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The ligands LC2, LC11 and LC19 (Fig. 5B) were immobilized onto silica as described previously. 20 mg of each 
ligand was mixed with a solution of 1H-benzotriazole and 5-methyl-1H-benzotriazole each (2 mg/ml in water). The 
samples were incubated over night and the supernatants were investigated by UV/Vis spectroscopy at 257 nm. The 
results are presented in Figure 5A. 
Fig. 5. (A) Batch experiments of LC2, LC11, LC 19 and APS. (B) Chemical structures of ligands. 
It was observed that LC19 showed a significant higher adsorption of 1H-benzotriazole compared with 5-methyl-
1H-benzotriazole. LC2 preferred vice versa the negative control over the substrate, while LC11 and APS showed a 
similar low adsorption of both 1H-benzotriazole and the negative control 5-methyl-1H-benzotriazole. The results 
obtained from the batch experiments can be very well correlated to the theoretical MD data with the exception of 
LC2.
5. Conclusions 
A new ligand as potential receptor for a chemical sensor of an aqua toxic pollutant in sea water was generated 
(LC19). The binding ability of triazine based ligands as potential receptors was investigated via molecular dynamic 
simulation followed by model validation using the example of GOx adsorption on L18/18, L11/11 and APS. The 
insights gained from these theoretical studies may be used to develop ligands for toxic pollutants in sea water which 
nevertheless always need an experimental verification as shown above. Four ligands of the triazine based library 
(LC2, LC11, LC19 and LC20) that came out of the molecular modeling process with high free binding energies 
were synthesized and further characterized experimentally. LC19 showed a clear preference for 1H-benzotriazole 
over 5-methyl-1H-benzotriazole (negative control) both in the molecular dynamic simulation and in the batch 
experiments. Thus, LC19 has been proven to be substrate specific and could now be used as an example of a 
selective receptor for the development of chemical sensitive layers for sensor applications.  
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